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Magma mixing process is unusual in the petrogenesis of felsic rocks associated with alkaline complex
worldwide. Here we present a rare example of magma mixing in syenite from the Yelagiri Alkaline
Complex, South India. Yelagiri syenite is a reversely zoned massif with shoshonitic (Na2O þ K2O¼5e
10 wt.%, Na2O/K2O ¼ 0.5e2, TiO2 <0.7 wt.%) and metaluminous character. Systematic modal variation of
plagioclase (An11e16 Ab82e88), K-feldspar (Or27e95 Ab5e61), diopside (En34e40Fs11e18Wo46e49), biotite, and
Ca-amphibole (edenite) build up three syenite facies within it and imply the role of in-situ fractional
crystallization (FC). Evidences such as (1) disequilibrium micro-textures in feldspars, (2) microgranular
maﬁc enclaves (MME) and (3) synplutonic dykes signify mixing of shoshonitic maﬁc magma (MgO ¼ 4e
5 wt.%, SiO2 ¼ 54e59 wt.%, K2O/Na2O ¼ 0.4e0.9) with syenite. Molecular-scale mixing of maﬁc magma
resulted disequilibrium growth of feldspars in syenite. Physical entity of maﬁc magma preserved as MME
due to high thermal-rheological contrast with syenite magma show various hybridization through
chemical exchange, mechanical dilution enhanced by chaotic advection and phenocryst migration. In
synplutonic dykes, disaggregation and mixing of maﬁc magma was conﬁned within the conduit of injec-
tion. Major-oxides mass balance test quantiﬁed that approximately 0.6 portions of maﬁc magma had
interacted with most evolved syenite magma and generatedmost hybridized MME and dyke samples. It is
unique that all the rock types (syenite, MME and synplutonic dykes) share similar shoshonitic and met-
aluminous character; mineral chemistry, REE content, coherent geochemical variation in Harker diagram
suggest that mixing of magma between similar composition. Outcrop-scale features of crystal accumu-
lation and ﬂow fabrics also signiﬁcant along with MME and synplutonic dykes in syenite suggesting that
Yelagiri syenite magma chamber had evolved through multiple physical processes like convection, shear
ﬂow, crystal accumulation and magma mixing.
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Magma mixing can happen at any stage in the life span of a
magmatic system (Perugini and Poli, 2012). However, in space and
time the efﬁciency of mixing between twomagmas is controlled by
physical parameters (temperature, viscosity, rheology etc.) (Sparks
andMarshall, 1986; Fernandez and Barbarin, 1991; Poli et al., 1996),
composition and the chaotic dynamics involved (Perugini et al.,
2002, 2003a,c, 2006, 2008, 2012; De Campos et al., 2004, 2011;
Perugini and Poli, 2004, 2012). Depending on these factors degree
of homogenization between the interacting magmas varies;
particularly in plutonic rocks, such evidences are well preserved in
the form of micro-textures (Grogan and Reavy, 2002; Perugini et al.,
2003c; Slaby et al., 2008), hybrid magma (Poli et al., 1996), micro-
granular maﬁc enclaves (MME) (Vernon, 1984; Perugini et al.,eking University. Production and hosting by Elsevier B.V. All rights reserved.
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2012) and synplutonic dykes (Collins et al., 2000).
Magma mixing is very common in calc-alkaline granitoids (e.g.,
Kumar and Rino, 2006) whereas such process is very unusual in the
petrogenesis of syenite or other Si-saturated to undersaturated felsic
rocks associated with alkaline complexes from various tectonic set-
tings. The unusual process of magma mixing-mingling in the petro-
genesis of syenite analogous to maﬁc-felsic magma interactions in
granitoids is reported here and various physical process involved in
the syenite magma chamber during magma mixing is discussed.2. Geological setting
Southern Indian shield (Fig. 1a) constituted of an Archaean
granite-greenstone terrain (Dharwar Craton) in the north and a
Paleoproterozoic granulite facies terrain in the south (Southern
Granulite Terrain, SGT) (Santosh et al., 2003, 2009 and the refer-
ences therein). The SGT is dissected by numerous crustal scale
shear/fault zones (Fig. 1a) which host a number of A-type granite,
syenite, ultramaﬁc and carbonatite complexes dated between 850
and 450 Ma (see review by Veevers, 2007). The studied Yelagiri
Alkaline Complex (757  32 Ma; Miyazaki et al., 2000) is a one
among them occurring in the northeastern part of the SGT. This
circular intrusive body, crops out over an area of 20  12 km2
(Fig. 1b) and emplaced into the 2.55e2.53 Ga old late Archaean
epidote-hornblende basement gneisses (Peucat et al., 1993), along
the NEeSW trending fault system and high strain zone (Grady,
1971; Braun and Kriegsman, 2003). It composed of syenite, py-
roxenite and dunite rock units as ordered by their decreasing arealFigure 1. (a) Map of South India showing major tectonic blocks and shear zones (from Bra
Major shear zones are numbered as ‘1’ to ‘7’ and a transition zone as ‘8’. (b) Geological map o
During Field Session: 1988e1990). Syenite litho facies are demarcated based on the presenextent (Fig. 1b). The pyroxenite body engulfs the dunite body show
sharp intrusive contact with syenite suggest that latter is youngest
intrusive phase (Fig. 1b) (Renjith, 2010). The present study is
focused on the syenite units, the pyroxenite-dunite units are not
considered in the following discussion.3. Syenite massif
3.1. Syenite facies
Pegmatoidal to medium grained syenites form a dome shaped
massive hilly outcrop of w828 m height from ground level and
found in grey, pink and leucocratic varieties distributed concen-
trically as demarcated in map pattern (Fig. 1b). Each syenite variety
has distinct simple mineral assemblages and modal proportions;
accordingly, three litho facies are recognized: inner facies grey sy-
enite contain orthoclase (62e86%), cpx (6e15%), biotite (0.5e7%),
plagioclase (0e5%) and opaque (1e4%) wherein middle facies pink
syenite composed of orthoclase (61e76%), plagioclase (3e31%), cpx
(1e16%) and amphibole (3e11%) and ﬁnally in outer facies leuco-
cratic syenite, amphibole (7e11%) is the dominant maﬁc phase
alongwith orthoclase (43e57%) and plagioclase (18e32%). Biotite is
absent. Cpx is accessory amount (0e1%). Quartz (10e12%) bearing
syenite occurring at the NE margin implying that syenite is a
reversely zoned massif (Fig. 1b) (Renjith, 2010). From inner to outer
facies certain petrographic characters are recognized: (i) K-feld-
spar/plagioclase ratio decreases; (ii) biotite and amphibole con-
tents decrease and increase respectively; (iii) quartz is present only
at the NE margin of the syenite body; (iv) titanite is alwaysun and Kriegsman, 2003). SB: Salem block; MB: Madurai block; TB: Trivandrum block.
f the Yelagiri Alkaline Complex (Mapped by S. Signanenjam, Geological Survey of India,
t study.
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facies and (v) cpx is almost absent in the outer facies. Syenitemassif
is also characterized by the meso-scale fabrics developed by K-
feldspar megacrysts, microgranular maﬁc enclaves and synplutonic
dykes. Detailed ﬁeld and petrographic observations made on them
are as follows.
3.2. K-feldspar megacryst
K-feldspar constitute major modal phase in the Yelagiri syenite.
Its megacryst size (2e6 cm) and distribution patterns impart
various macro-scale fabrics to the syenite outcrops. Their dimen-
sional preferred orientation atmany outcrops deﬁnes themagmatic
ﬂow fabrics (Fig. 2a). General trend and packing density of grains in
this fabric varies in out-crop scale (inmetre). Similarly their random
distribution patterns related to crystal accumulation are alsowidely
observed particularly from the middle facies syenite (Fig. 2b).
The megacrystic K-feldspars frequently show various growth-
related primary textures though they are severely over printed by
secondary myrmekite and exsolution. Zoning is a commonly
noticed texture. Core to rim proﬁle of a zoned crystal reveal that
they are compositional growth zones with high amplitude variation
in Ti/Fe ratio, Or, K2O and Na2O contents (Table 1; Fig. 3). They are
ﬁne (<4 mm) or broad scale (4e25 mm) zones and frequently carry
inclusions of synneusis attached plagioclase laths in a zone
preferred manner (Fig. 4a). The individual growth zones are often
curvy at the corners and truncated against the younger onesFigure 2. Field photographs of syenite outcrops: (a) magmatic ﬂow fabric developed by
accumulation fabric of K-feldspars.(Fig. 4ced). K-feldspars with multiple dissolution-regrowth mor-
phologies are frequently noticed in Yelagiri syenite; for instance, a
grain shown in Fig. 4d has multiple mega-growth zones with
rounded corners are truncated against a rugged margin which
represent the major dissolution surface. Similarly large plagioclase
crystals from outer facies syenite also display complex growth zone
(Ca-spike zone) patterns (Fig. 4e) and cellular texture (Fig. 4f).
3.3. Microgranular maﬁc enclaves
Centimetre-scale microgranular maﬁc enclaves are scattered
over the syenite massif though their abundance is more at the
middle facies (Fig. 5). They are ﬁne grained, melano to mesocratic,
and noticed in three sizes: small (<10 cm), medium (10e30 cm)
and large enclaves (30e120 cm). Irrespective of size their shape
varies like sub-rounded, elongated, spindle and irregular. Most of
the MME have sharp contact with host syenite, though some of
them have gradational contact and gradually became leucocratic
(wispier) as similar to the surrounding host syenite (Fig. 6).
MMEs in the Yelagiri syenite often carry K-feldspar xenocrysts
that seem to have entered from the host magma by various mecha-
nisms. There are four examples described here. At ﬁrst, a xenocryst-
rich lenticular enclave associated with magmatic ﬂow structure
(Fig. 7a); it is inferred that a magma globule within the crystal-rich
mush zone is linearly stretched or mechanically diluted due to the
shear ﬂow of the host magma. The accompanied shear stress en-
hances the entrainment of phenocrysts into the enclave magmathe dimensional preferred orientation of K-feldspars; (b) randomly oriented crystal
Table 1
Compositional proﬁle of a K-feldspar megacryst.
Data point Core Rim
167 168 169 170 171 172 173 174 175 176 177 178
1 2 3 4 5 6 7 8 9 10 11 12
Major oxides wt.%
SiO2 63.84 65.46 66.57 68.60 67.02 68.18 65.31 68.62 66.45 66.73 66.91 66.53
TiO2 0.03 0.01 0.02 0.00 0.03 0.03 0.00 0.04 0.06 0.05 0.00 0.05
Al2O3 18.20 22.69 20.96 21.94 19.04 22.11 18.93 19.89 18.65 18.96 19.01 18.33
FeO 0.04 0.16 0.10 0.04 0.06 0.08 0.11 0.06 0.05 0.02 0.07 0.02
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
MgO 0.02 0.00 0.00 0.01 0.00 0.03 0.00 0.02 0.00 0.00 0.00 0.01
CaO 0.12 3.88 1.87 2.35 0.04 2.54 0.24 0.62 0.01 0.08 0.08 0.00
Na2O 1.42 9.51 5.88 9.20 2.31 8.52 2.36 4.96 1.18 2.77 2.37 1.34
K2O 14.18 0.15 7.02 1.82 13.42 2.57 13.21 9.47 15.17 12.81 13.52 15.10
P2O5 0.04 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.03 0.02 0.01 0.00
Total 97.86 101.86 102.43 103.96 101.93 104.06 100.18 103.70 101.62 101.46 101.98 101.38
Ti/Fe 0.90 0.07 0.27 0.13 0.67 0.42 0.04 0.75 1.47 2.76 0.07 2.43
Formula based on eight oxygens
Si 11.99 11.35 11.67 11.64 12.01 11.60 11.93 11.94 12.03 12.00 12.00 12.07
Al 4.03 4.63 4.33 4.39 4.02 4.43 4.08 4.08 3.98 4.02 4.02 3.92
FeII 0.01 0.02 0.02 0.01 0.01 0.01 0.02 0.01 0.00 0.00 0.01 0.00
Ca 0.02 0.72 0.35 0.43 0.01 0.46 0.05 0.12 0.00 0.01 0.01 0.00
Na 0.52 3.20 2.00 3.03 0.80 2.81 0.83 1.67 0.41 0.97 0.82 0.47
K 3.40 0.03 1.57 0.39 3.07 0.56 3.08 2.10 3.51 2.94 3.09 3.49
Mol% of end member
An 0.61 18.24 8.97 11.11 0.22 12.08 1.21 2.97 0.03 0.38 0.38 0.01
Ab 13.14 80.94 50.97 78.65 20.72 73.34 21.07 43.03 10.54 24.64 20.95 11.85
Or 86.25 0.82 40.06 10.25 79.07 14.58 77.72 54.00 89.42 74.98 78.68 88.14
Figure 3. Compositional proﬁle of a zoned K-feldspar megacryst. Distance between the points 1 to 12 (core to rim) is w0.5 cm.
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Figure 4. Photomicrograph of feldspars from syenite. (a) Fine to broad scale compositional growth zones in orthoclase megacryst carrying inclusions of synneusis attached
plagioclase (arrows). (b) Orthoclase carry dimensional preferred oriented inclusions of plagioclase lath. (c) A growth zone under extinction (arrow) in orthoclase has a curved inner
corner and a straight outer corner. Note that zone preferred inclusions of plagioclase laths and perthitic exsolution lamellae. (d) Complex zoning pattern in an orthoclase megacryst.
Individual growth zones (marked in white) of varying thickness and curved corners are truncated against a dissolution surface marked as white stripped line. (e) Mega-growth zones
(calcic-spikes) in a plagioclase show truncations (arrow). (f) Cellular texture in plagioclase.
M.L. Renjith et al. / Geoscience Frontiers 5 (2014) 801e820 805(Fig. 7a). Secondly, a lenticular MME with diffused boundary where
many phenocrysts from the host syenite lie across the boundary
(upper margin) imply that they are gradually getting trapped inside
the enclave magma (Fig. 7b). Absence of ﬂow fabrics in the sur-
rounding hostmatrix precludes the shear ﬂow effect. So it is inferred
that the stress developed during the compaction of overlying crystal-
rich mush might have pushed the phenocrysts inside the enclave
magma. The third example, in Fig. 7c shows that maﬁc magmainjected into the crystal-rich zone of the host magma solidiﬁed in-
situ and incorporated the phenocrysts as xenocryst. Finally, an
irregular-enclave with partly engulfed phenocryst (Fig. 7c) suggests
that viscous ﬁngering ﬂow (e.g., Perugini et al., 2005) or chaotic dy-
namic ﬂow (e.g., Perugini and Poli, 2000) of the enclave magma
gradually capturing the phenocryst from the host magma.
MME often showmagmatic deformations and such enclaves are
noticed in two ﬁeld conditions: their association (a) with or (b)
Figure 5. Field photo shows small, medium and large-size microgranular maﬁc en-
claves in syenite.
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elongated, spindle or stretched like schlieren bands (Fig. 8). Their
longer axis is parallel to the ﬂow foliation. However, MME associ-
ated with syenite devoid of any ﬂow fabrics shows complex
deformation structures. For example, a dumbbell shapedMMEwith
a long string tail (Fig. 9a) suggests that during the dynamic rota-
tional stretching of magma blob has developed a schlieren string.
Similarly a MME with discontinuous schlieren tail imply that
enclave magma globule has smeared-out as tail during its rota-
tional movement (Fig. 9b). Likewise maﬁc magma globules un-
dergone progressive stages of deformations are well preserved and
they are compared with experimentally derived mixing structures
of Perugini et al. (2012) in Fig. 10.
Apart from the deformation many enclaves in Yelagiri syenite
preserve the evidence of their dynamic movement in the host
magma. For instance, an elongated MME embedded in the crystal-
rich zonewhere the K-feldspar megacrysts are oriented in a fashion
similar to wave propagation from the front end of a moving boat
(Fig. 11a). These features signify that consequent to the injection of
enclave magma, the crystals suspended in the host magma have
shifted their position towards the enclave margin thus providing a
pathway for the enclave magma. In another example, a large MME
with broad wispy tail and disaggregated smaller enclaves (Fig. 11b)
suggest that the enclave magma sagged down from its original
position (top stripped white line) to the present position (lower
stripped white line), leaving behind a wispy hybrid material along
the path of sagging. During sinking, large enclave magma frag-
mented to smaller ones from its tail part.Figure 6. Progressive stages of hybridization in enclaves. From left (a) to right (d) the enclav
their boundaries are getting gradational.3.4. Petrography of MME
Microgranular enclaves are composed of amphibole (30e74%),
K-feldspar (10e54%), plagioclase (1e31%), biotite (0e4%) and opa-
que (<1e9%) with clinopyroxene, titanite, apatite, and zircon as
accessory phases. Even though the phases are ﬁne grained in nature
(<1 mm) they display diverse micro-textures in which allo-
triomorphic and hypidiomorphic textures are most common. Many
enclaves show poikilitic texture also (Fig. 12a). Magmatic ﬂow
texture developed by the strong dimensional preferred orientation
of acicular amphiboles is often noticed (Fig. 12b). In all the textural
type acicular apatite is found as inclusions in major phases
(Fig. 12c). Plagioclase particularly from hypidio/allotrio-morphic
textures has developed dusty/spongy rounded core and a clear
plagioclase mantle (Fig. 12d). Meso to leucocratic enclaves are
distinct in low amphibole/K-feldspar modal ratio than the mela-
nocratic one and presence of titanite corona around Fe-Ti oxide
(Fig. 12e) and development of hydrogenic biotite (Fig. 12f).
3.5. Synplutonic dykes
Out of the many synplutonic dykes occurring in the syenite two
examples are discussed here. At ﬁrst, an enclave-rich hybrid dyke
(Dyke-1) occurring in the middle facies syenite has many features
like diffused boundary with wispy thin schlieren bands running
parallel to the contact, felsic haloes around theMME, xenocryst-rich
enclaves, and enclaves set in a hybrid leucocratic matrix (Fig. 13a).
Secondly, the Dyke-2, K-feldspar-rich dyke-like injection, occurring
in the inner facies syenite has sharp to diffusive contact, mesocratic
hybrid matrix and marginal schlierens (Fig. 13b). Plagioclase from
these dykes showcomplex growth textures. A phenocryst in Fig.14a
has distinct features such as rounded corners, thin calcic-rich outer
shell and dissolution channels. A glomerocryst, in Fig. 14b, formed
by six plagioclase crystals welded together along their rugged grain
boundaries. Larger grain at the centre has three distinct growth
zones of different extinction positions.
4. Analytical methods
Polished thin sections were used for the petrographical
description of the rocks and for microprobe analyses. Mineral
chemical analyses were obtained on a Cameca SX-100 electron
microprobe equipped with wavelength-dispersive spectrometers,
using 15 kV acceleration voltage and a 20 nA beam current
(Tables 1e5). Standards include a variety of natural minerals and
oxides. Whole-rock major-oxides and trace elements compositions
of the studied rocks were measured by XRF (Philips MAGIX PRO
Model 2440) and ICP-MS (Perkin Elmer SCIEX ELAN DRC II)es are becoming more leucocratic (wispier) as similar to the surrounding host rock and
Figure 7. Phenocryst migration in MME. (a) A spindle shaped MME carrying xenocryst. Cartoon illustrates that a maﬁc magma blob within a crystal-rich mush zone is linearly
stretched by the shear ﬂow of the host magma and trap the phenocrysts from the host magma. (b) An elongated xenocryst-rich MME developed relatively diffused boundary due to
phenocryst lay across the margin. Cartoon illustrates compaction force of overlying crystal-mush push the phenocryst into the enclave magma. (c) Xenocryst-rich MME hosted in
porphyritic syenite. The schematic diagrams illustrate injection of enclave magma into crystal-rich mush zone of host magma and solidiﬁed in-situ by enclosing the host phe-
nocrysts. (d) An irregular shaped MME partially entrap a phenocryst. Cartoon illustrates various stages of ﬁngering/chaotic ﬂow of the enclave magma entrapping a phenocryst from
the host magma.
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at National Geophysical Research Institute, Hyderabad, India.
5. Mineral chemistry
Compositions of mineral phases in syenite and MME are ob-
tained by EPMA technique and presented in Tables 2e5. In syeniteclinopyroxene are diopside (En34e40Fs11e18Wo46e49) with quad
component (based on Morimoto et al., 1988) (Fig. 15a) and mica is
classiﬁed as biotite based on Si (a.p.f.) vs. Fe/(Mg þ Fe) diagram of
Rieder et al. (1998) (Fig. 15b). Amphiboles from both syenite and
MME are calcic variety and edenite in composition following the
classiﬁcation of Leake et al. (1997) (Fig. 15c). Plagioclase restricted
to oligoclase (An11e16Ab82e88) in both the rock types (Fig. 15d).
Figure 8. Linearly stretched MME. The long axis of the enclaves is parallel to the
magmatic ﬂow fabric foliation (Stripped line).
M.L. Renjith et al. / Geoscience Frontiers 5 (2014) 801e820808Alkali-feldspar varies from anorthoclase to orthoclase (Or27e95
Ab5e61) in syenite (Fig. 15d).6. Whole-rock geochemistry
All the syenite facies, MME and synplutonic dykes have shosh-
onite composition in K2O/Na2O vs. SiO2 (Fig. 16a), Ce/Yb vs. Ta/Yb
(Fig. 16b) and K2O vs. SiO2 (Middlemost, 1972; ﬁgures not given)
diagrams. Their high Na2O þ K2O content (5e10 wt.%), low TiO2
(<0.7 wt.%) and variable Al2O3 (11e18 wt.%) also satisfy the criteria
of shoshonite composition proposed by Morrison (1980). Their
aluminium saturation index (<1) (ASI ¼ Al/(Cae1.67P þ Na þ K)),
A/CNK (Al2O3/(0.5CaO þ Na2O þ K2O)) (<1) and A/NK (Al2O3/Figure 9. Magmatically deformed MME. Cartoons self explain various stages of dynamic pro
(b) An enclave magma globule develops schlieren tail during rotational movement.(Na2O þ K2O)) (>1) molecular ratios (Maniar and Piccoli, 1989)
suggest that they are metaluminous in character. MME have low
SiO2 (54e59 wt.%), Al2O3 (17e18 wt.%), K2O/Na2O (0.4e0.9), Ba
(871e1230 ppm), Rb (70e88 ppm), Sr (775e1020 ppm) and high
CaO (4e6 wt.%), MgO (4e5 wt.%), FeO (5e8 wt.%) and P2O5
(0.4e0.7 wt.%) than syenite. Mg-number is high in MME (35e38)
than syenites (14e21). Outer facies syenite show highly evolved
composition (SiO2 ¼ 62e67 wt.%) (Fig. 17). Dyke samples share
geochemical similarities with inner and middle facies syenite
except for low V, Ba, Sc, Ni and Cr. All the rocks show coherent
linear trends in Harker diagram (Fig. 17). Contents of CaO, MgO,
TiO2, P2O5, FeO are negatively correlated whereas Al2O3 and
K2O þ Na2O positively correlated. Barium and Rb show enrichment
trend except for outer facies syenite. Sc and V are negatively
correlated. Sr shows varying abundance in MME and syenite litho
facies. All the rock types are enriched in LREE (LaN/YbN ¼ 5.7e27.9)
than the fractionated HREE (GdN/YbN ¼ 0.9e3.4) (Fig. 18). Absence
of Eu-anomaly is characteristics in syenite units where in MME and
dykes show negative anomaly (Fig. 18).7. Discussion
7.1. Interpretation
7.1.1. Litho facies in syenite massif
Occurrence of quartz bearing rocks at the outer margin (Fig. 1b)
and decreasing MgO, CaO, TiO2, P2O5 with increasing SiO2 from
inner to outer facies syenite (Fig. 16) implies the reversely zoned
nature and in-situ fractional crystallization in the syenite massif.
Systematic variation in modal composition also substantiates this.cess involved. (a) An enclave magma globule undergone dynamic rotational stretching.
Figure 10. Progressive stages of magmatic deformations in enclave magma is compared with structures (aeb) formed by experimental chaotic advection process in which two
contrasting ﬂuids (a black ﬂuid is mixed with a white ﬂuid) efﬁciently mix together by stretching and folding mechanism (after De Campos et al., 2011). Field photographs; A-a: well
rounded MMEs host in syenite, B-b: stretched MME with thin ﬁlament structure, C-c: elongated and more stretched with partly folded enclave, D-d: partly folded thin and broad
wispy schlierens.
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middle facies biotite content gradually decreased and amphibole
stabilized more. At the outer margin amphibole dominated syenite
facies, biotite is absent and cpx became accessory amount. K-feld-
spar/plagioclase ratio also gradually reduces from inner to outer
facies. Variations of Ba, Rb, Sc, Sr, and V in Harker diagram (Fig. 17)
and coherent linear trend of all the rock units in CaO vs. FeO space
(Fig. 19a) with respect to mineral compositions also support the FC.
However the hyperbolic trend in Sr/V and Ba/V vs. V (Fig. 19b) and
variation in trace element abundance imply that each rock type/
facies is subjected to varying degrees of crystal accumulation or
removal of major/accessory phases.7.1.2. K-feldspars megacrysts in syenite
Feldspars record robust eye witness of crystallization dynamics
in syenite massif. The compositional growth zones in K-feldspar
(Fig. 4a,b) and plagioclase (Fig. 4e) indicate that during their growth
phase equilibrium at the crystal-melt interface was ﬂuctuated due
to profound change in temperature or composition (e.g., Barbarin,
1990; Hibbard, 1991; Cox et al., 1996; Ginibre et al., 2002; Grogan
and Reavy, 2002). Fluctuating contents of Or, K2O, Na2O and Ti/Fe
ratio in these zones also support this (Fig. 3) (e.g., Vernon, 1986).
Similarly rounded zone corners (Fig. 4c,d), zone truncations
(Fig. 4e) and cellular texture (Fig. 4f) signify that crystals have un-
dergone dissolution by interacting with hotter primitive magma
Figure 11. (a) An elongated MME surrounded with K-feldspar megacrysts aligned as garland pattern (marked with dark lines). Cartoon illustrates that movement of enclave magma
through the crystal-rich mush zone causes the dimensional preferred alignment of feldspar megacrysts in the host magma. (b) A large MME (1 m long) disaggregating into smaller
ones from its tails region while sagging down from its initial position. While sinking enclave magma smeared along the sinking path cause hybridized wispy hybrid.
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Tsuchiyama, 1985a,b; Grogan and Reavy, 2002). Likewise, K-feld-
spars with multiple dissolution-regrowth morphologies are
observed widespread in the Yelagiri syenite massif and indicate
that syenite magma had periodically ﬂuctuated in the temperature
or composition during its initial stage of crystallization. Presence of
plagioclase laths as inclusions in K-feldspar (Fig. 4aec) mimic the
mantling mechanism in the context of magma mixing (e.g.,
Hibbard, 1991; Grogan and Reavy, 2002) and imply synneusis
process under a dynamic turbulent magmatic condition (e.g.,
Vance, 1969). Dynamically active state of the magma chamber was
also supported by the outcrop-scale fabrics of magmatic ﬂow
(Fig. 2a) and various crystals accumulation features (Fig. 2b) as they
are related to shear ﬂow and crystal settling process respectively.
7.1.3. Origin and crystallization dynamics in MME
Features like ﬁne grained nature (Fig. 5), sharp contact (Fig. 5),
presence of acicular amphibole and apatite (Fig. 12b,c) and dusty or
spongy plagioclase (Fig. 12d) indicate that microgranular enclaves
were formed by thermal quenching of maﬁc magma globules upon
injection into relatively cooled host syenite magma (e.g., Wyllie
et al., 1962; Lofgren, 1974; Hibbard, 1981; Vernon, 1983; Vernon
et al., 1988). Their high amphibole contents imply that rapid cool-
ing has occurred down to the stability ﬁeld of amphibole and
inhibit the nucleation of higher-temperature phase like cpx (e.g.,
Blundy and Sparks, 1992) or water-rich magma (e.g., Naney, 1983).
However, after thermal quenching many of them have undergonevarying rates of cooling and multi-stage crystallization as indicated
by their diverse textures like hypidiomorphic, allotriomorphic and
poikilitic (Fig. 5a). Morphologies of plagioclase in these textures
also reveal varying rate of thermal equilibration of enclave magma.
Inmany plagioclase grains dusty or spongy core imply under cooled
quenching process whereas their non-patchy clear plagioclase
mantle represents slow cooling (Fig. 5d) (e.g., Lofgren, 1974;
Hibbard, 1981). Oikocryst plagioclase, quartz and K-feldspar in
poikilitic texture suggest that enclave magma have slowly cooled
(solidiﬁed) along with host magma (Fig. 5a) (e.g., Vernon, 1990;
Hibbard, 1991; Perugini et al., 2003b). Meanwhile, in a few of
them, plagioclase laths and acicular amphiboles favoured by high
nucleation rate in an under-cooled condition (e.g., Brandeis et al.,
1984) have undergone some degree of rotational movement
attained magmatic ﬂow texture (Fig. 5b) (e.g., Vernon, 1983, 1991;
Vernon et al., 1988; Barbarin, 1990).
7.1.4. Chemical exchange in MME
In many enclaves their outer margin gradually becomes wispier
as similar to surrounding host by retaining their rounded shape
(Fig. 6). They indicate that magma globules have exchange mate-
rials (chemically) across the MME-host contact after attaining a
thermal-rheological equilibriumwith host. This mechanismmay be
like MFC process (Mixing plus Fractional Crystallization) in which,
during crystallization the enclave magmawas contaminated by the
host magma (e.g., Poli et al., 1996; Poli and Tommasini, 1999;
Perugini and Poli, 2000; Perugini et al., 2003b). Depending on the
Figure 12. Photomicrographs of MME. (a) Euhedral amphiboles set in a plagioclase oikocryst matrix forms poikilitic texture. (b) Elongated acicular shaped amphiboles are arranged
subparallel in MME with magmatic ﬂow texture. (c) Acicular apatite inclusions K-feldspar. (d) Plagioclase with spongy core and clear plagioclase rim (under extinction). (e) Titanite
corona around Fe-Ti oxide. (f) Hydrogenic biotite.
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duces meso to leucocratic enclaves with diffused boundaries
(Fig. 6). The hydrogenic biotite (Fig. 12f) (e.g., Hibbard, 1991),
titanite corona around ilmenite (Fig. 12e) (e.g., Nakada, 1991) and
high K-feldspar/amphibole modal ratios in the meso-leucocratic
enclaves support their chemical hybridization with host syenite.
7.1.5. Phenocryst migration in MME
Mechanical migration of phenocrysts from host to enclave
magma is a common feature in magma mixing dynamics (e.g.,
Vernon, 1986; Perugini et al., 2003b; Barbarin, 2005; Slaby et al.,
2007a,b, 2008). Field evidences show that phenocryst becamexenocryst in the enclavemagma during: (i) shear ﬂowof crystal-rich
host magma (Fig. 7a), (ii) compaction of crystal-rich mush zone
(Fig. 7b), (iii) injection of enclave magma through the crystal-rich
mush zone (Figs. 7c and 11a) and (iv) ﬁngering or chaotic ﬂow of
the enclave magma (Fig. 7d). In the ﬁrst two process (Fig. 7a,b),
(stress-induced model) phenocrysts are physically transferred from
host to enclave magma by the shear stress developed during the
shear ﬂow or compaction of the surrounding crystal-rich mush. In
the last two processes (Fig. 7c,d) (melt-injection model) the static
phenocrysts are captured inside the enclave during the injection or
ﬁngering ﬂow of the enclave magma through the crystal-rich mush
zone.
Figure 13. Field photographs of synplutonic dykes. (a) Dyke-1: Composite hybrid dyke
carrying numerous MME of varying size and shape. Note the gradational margin and
felsic haloes around the MME. (b) Dyke-2: Feldspar-rich composite dyke. Marginal
schlierens carry K-feldspar xenocryst (arrow).
Figure 14. Micro-textures in feldspars from the synplutonic dikes. (a) Plagioclase
showing dissolution channels under extinction (stripped arrow), curved corners and a
thin calcic-rich outer shell (thick arrow). (b) Glomeroporphyritic texture. The grain at
the centre has three distinct zones, an inner less dendritic zone (dotted stripped
boundary), a non-dendritic outer shell and a dendritic zone midway. The dendritic
zones are sericitized. Grain boundaries are highlighted with white lines for visual
clarity to demarcate compositional zones.
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Enclaves showing magmatic deformation indicate the me-
chanical dilution of maﬁc magma globules in the host magma.
Various deformation structures of enclaves preserved in syenite are
representing the progressive stages of mechanical dilution and
mimic the structures produced in the experimental chaotic mixing
system of Perugini and Poli (2000) (Fig. 10). Such mechanical
mixing process is governed by chaotic advection in which the two
liquids are able to exchange matter via two non-linear coupled
processes such as stretching and folding mechanisms (Fig. 10aed)
(Perugini and Poli, 2000; De Campos et al., 2011). In Fig. 10A
rounded enclaves in host syenite corresponds to two liquids at
static state (Fig. 10A-a). When the host magma became dynamically
active the enclave magma globules gradually get stretched
(Fig. 10B-b), as the intensity of deformation increases they got more
linearly stretched (Fig. 10C-c) and folded into complex structures of
tendril forms (Fig. 10D-d). Similarly examples like dumb-bell sha-
ped enclave (Fig. 9a) and rounded MME with thin tail (Fig. 9b) also
support themechanical dilution of magma blobs into thin ﬁlaments
due to dynamic rotational ﬂuid behaviour of host magma. In
addition, the convective shear ﬂow (magmatic foliation) of host
magma also transforms the magma blobs into linearly stretched or
squeezed as thin schlierens bands (Fig. 8). Those large enclave
magmas blobs sagged through host magma and get fragmented
into smaller globules thereby also enhances the mechanical dilu-
tion of the maﬁc magma (Fig. 11b).
7.1.7. Magma interaction in synplutonic dykes
Synplutonic dykes (Dyke-1 and 2) represent dyke-like injection
of maﬁc magma which failed to disseminate in the host magma
(Fig. 12) (e.g., Collins et al., 2000). In Dyke-1 the forcefully injected
maﬁc magma disaggregated into smaller enclaves within the
conduit of injection. Occurrence of K-feldspar xenocrysts and felsichaloes around the enclaves and diffused boundaries imply that the
invaded maﬁc magma has interacted with the host magma on a
local scale (Fig. 12a). Dyke-2 represents dyke-like injection of hy-
bridized K-feldspar xenocrysts rich maﬁc magma (Fig. 12b). The
marginal schlierens at their contact imply that during injection
steep physico-chemical gradient prevailed at the ﬂow margins
cause preferential crystallization of maﬁc phases (e.g., Weinberg
et al., 2001). Feldspar xenocrysts incorporated from the host sye-
nite were initially superheated in maﬁc magma and produce
rounded corners and dissolution channels (Fig. 14a) (e.g., Hibbard,
1981). They further re-grow in a compositionally different
magma as calcic-rich outer shell. Such xenocrysts are also welded
together as glomerocryst (Fig. 14b) which signify the dynamic
crystallization in a magma mixing environment (e.g., Hogan, 1993).7.2. Model for magma chamber processes
7.2.1. Heterogeneity in syenite magma chamber
Yelagiri syenite (batholithic dimension w120 km2) evolved
through multiple physical magma processes particularly at the
present emplacement level. Outcrops of ﬂow fabrics (Fig. 2a) and
Table 2
Representative composition of clinopyroxene from syenite.
Data points 165 166 184 5 9 10
Major oxides wt.%
SiO2 51.61 52.72 51.50 50.52 51.04 51.10
TiO2 0.34 0.14 0.51 0.52 0.51 0.47
Al2O3 1.84 0.83 1.94 2.88 2.60 2.56
FeO 10.39 10.28 10.71 8.16 6.66 7.18
MnO 0.75 0.78 0.62 0.18 0.30 0.18
MgO 11.92 12.26 12.19 13.30 14.29 13.82
CaO 22.38 23.51 22.37 23.44 23.54 23.59
K2O 0.01 0.00 0.04 0.00 0.01 0.01
Na2O 1.07 0.88 1.03 0.51 0.43 0.49
P2O5 0.00 0.03 0.00 0.00 0.09 0.09
Total 100.32 101.43 100.90 99.50 99.45 99.48
Formula based on 4 cations and 6 oxygens
Si 1.92 1.95 1.91 1.88 1.90 1.90
Ti 0.02 0.00 0.01 0.01 0.01 0.01
Al (T) 0.08 0.04 0.08 0.12 0.10 0.10
Al (M1) 0.00 0.00 0.00 0.01 0.01 0.01
Fe3þ (T) 0.00 0.02 0.01 0.00 0.00 0.00
Fe3þ (M1) 0.13 0.11 0.14 0.11 0.10 0.09
Fe2þ 0.19 0.20 0.19 0.14 0.11 0.13
Mn 0.02 0.02 0.02 0.01 0.01 0.01
Mg 0.67 0.68 0.67 0.74 0.79 0.77
Ca 0.89 0.93 0.89 0.94 0.94 0.94
K 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.08 0.06 0.07 0.04 0.03 0.03
Total 4.00 4.00 4.00 4.01 4.00 4.00
Mol% of end member
En 35.35 34.67 35.21 38.19 40.70 39.59
Fs 17.84 17.55 18.37 13.43 11.12 11.84
Wo 46.81 47.77 46.42 48.38 48.18 48.57
J-value 0.15 0.13 0.15 0.07 0.06 0.07
Q-value 1.76 1.80 1.75 1.82 1.84 1.84
Table 3
Representative composition of amphibole from syenite and MME.
Data point Syenite Microgranular maﬁc enclaves
207 194 196 153 155 156 157
Major oxides wt.%
SiO2 44.70 45.18 43.62 44.32 45.96 43.70 45.37
TiO2 1.06 1.12 0.51 0.62 0.52 0.83 0.60
Al2O3 7.55 7.09 8.21 7.82 6.82 8.24 7.15
Cr2O3 0.00 0.00 0.04 0.03 0.06 0.05 0.02
FeO 19.02 18.59 19.76 18.59 18.03 18.57 18.11
MnO 0.86 0.86 0.84 0.84 0.78 0.78 0.68
MgO 10.41 10.48 9.46 10.37 11.15 10.13 10.83
CaO 11.69 11.71 11.54 11.69 11.57 11.57 11.83
Na2O 1.75 1.92 1.82 1.80 1.76 1.94 1.79
K2O 1.19 1.07 1.25 1.21 0.99 1.25 1.07
P2O5 0.00 0.04 0.00 0.03 0.00 0.03 0.00
NiO 0.00 0.00 0.10 0.11 0.07 0.03 0.01
Total 98.22 98.06 97.13 97.41 97.71 97.10 97.46
Calculated formulae (Tetrahedral þ Octahedral cations ¼ 13)
Si 6.71 6.81 6.67 6.72 6.88 6.66 6.85
AlIV 1.29 1.19 1.33 1.28 1.12 1.34 1.15
T 8.00 8.00 8.00 8.00 8.00 8.00 8.00
AlVI 0.05 0.07 0.15 0.12 0.09 0.13 0.12
Ti 0.12 0.13 0.06 0.07 0.06 0.10 0.07
Cr 0.00 0.00 0.00 0.00 0.01 0.01 0.00
FeIII 0.50 0.32 0.50 0.46 0.49 0.43 0.34
FeII 1.89 2.02 2.03 1.90 1.77 1.94 1.95
Mn 0.11 0.11 0.11 0.11 0.10 0.10 0.09
Mg 2.33 2.35 2.15 2.34 2.49 2.30 2.44
C 5.00 5.00 5.00 5.00 5.00 5.00 5.00
Ca 1.88 1.89 1.89 1.90 1.86 1.89 1.91
Na 0.12 0.11 0.11 0.10 0.14 0.11 0.09
B 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Na 0.39 0.45 0.43 0.43 0.37 0.46 0.44
K 0.23 0.21 0.24 0.23 0.19 0.24 0.21
A 0.62 0.66 0.67 0.66 0.56 0.70 0.64
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Table 4
Representative compositions of mica from syenite.
Data point 21 22 23 24
Major oxides in wt.%
SiO2 36.61 36.81 36.95 35.95
TiO2 3.79 3.90 3.80 3.67
Al2O3 14.30 14.07 14.36 13.71
FeO 16.68 17.35 17.14 16.76
MnO 0.07 0.08 0.14 0.12
MgO 13.02 13.15 13.46 12.72
CaO 0.03 0.00 0.00 0.13
Na2O 0.17 0.17 0.19 0.33
K2O 9.52 9.34 9.54 9.25
Total 94.18 94.85 95.58 92.64
Formulae based on 22 oxygens
Si 5.60 5.60 5.58 5.61
Al 2.40 2.40 2.42 2.39
Al 0.18 0.12 0.13 0.12
Ti 0.44 0.45 0.43 0.43
FeII 2.13 2.21 2.16 2.19
Mn 0.01 0.01 0.02 0.02
Mg 2.97 2.98 3.03 2.96
Ca 0.00 0.00 0.00 0.02
Na 0.05 0.05 0.05 0.10
K 1.86 1.81 1.84 1.84
Total 15.63 15.63 15.66 15.68
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dynamic state of the chamber. More melt supported crystal-rich
magma in the chamber experienced convection/shear ﬂow at the
dynamically active regions whereas in quiescent regions settling of
crystal has occurred. In addition, the three litho facies of reversely
zoned character indicate that chamber-scale magmatic gradient (in
the form of compositional, water-saturation and oxygen fugacity).
There may be more complex process involved in the formation of
reverse zonation, but as a ﬁrst order observation contribution of in-
situ fractional crystallization is signiﬁcant. Apart from all the above
process repeated addition of more maﬁc magma of similar
composition into the crystallizing syenite magmamade the process
more complex in the chamber.Table 5
Representative compositions of feldspars from syenite and MME.
Data point Syenite
199 200 85 82 80
Major oxides wt.%
SiO2 66.62 67.17 71.09 71.15 66.83
TiO2 0.02 0.00 0.00 0.00 0.00
Al2O3 22.19 21.97 22.52 22.86 18.50
Cr2O3 0.04 0.00 0.01 0.00 0.00
FeO 0.09 0.04 0.18 0.15 0.04
MnO 0.00 0.00 0.00 0.00 0.00
MgO 0.00 0.01 0.00 0.01 0.00
CaO 3.43 3.02 2.36 2.66 0.00
Na2O 9.67 10.21 10.42 10.17 0.56
K2O 0.19 0.11 0.14 0.19 16.04
P2O5 0.01 0.01 0.00 0.00 0.00
NiO 0.00 0.08 0.00 0.01 0.00
Formula based on eight oxygens
Si 11.48 11.53 11.67 11.64 12.07
Al 4.51 4.44 4.36 4.41 3.94
FeII 0.01 0.01 0.03 0.02 0.01
Ca 0.63 0.56 0.42 0.47 0.00
Na 3.23 3.40 3.32 3.22 0.20
K 0.04 0.02 0.03 0.04 3.69
Mol% of end member
An 16.21 13.98 11.05 12.51 0.00
Ab 82.75 85.44 88.17 86.43 5.03
Or 1.04 0.58 0.78 1.06 94.977.2.2. Syenite-maﬁc magma interaction: sequence of physical
processes
Grain to outcrop-scale evidences suggest that Yelagiri syenite
was periodically mixed with shoshonitic maﬁc magma during its
various crystallization and solidiﬁcation stages. Mixing process was
constrained by prevailed thermal-rheological-viscosity contrast or
intensity of dynamic activity of the interacted magmas. In space
and time those constraints have generated pockets of well-mixed
to poorly mixed regions in the syenite massif. To elucidate the
sequence of physical magma process involved we have compared
our ﬁeld and petrographic observations with the rheological model
for coeval maﬁc-felsic magma interactions by Fernandez and Bar-
barin (1991; See their Fig. 1 and description for comparison).
Following them, at the early crystallization stage of the syenite
magma (Newtonian stage) the invaded shoshonitic maﬁc magma
thoroughly mixed with host shoshonitic magma. This may be like a
molecular-scale laminar mixing of the coeval magmas (e.g., Sparks
and Marshall, 1986; Perugini et al., 2003b; Petrelli et al., 2006). The
physical and chemical entity of the invaded maﬁc magma was
completely destroyed in the host syenite magma. This efﬁcient
homogenization at the early stage has imparted ﬂuctuating phase
equilibria in the crystallizing syenite magma and cause disequi-
librium growth of feldspars. Widespread occurrence of such feld-
spars with synneusis inclusions implies that mixing had occurred
on chamber-scale and in an elevated dynamic state.
As the crystallization progressed, syenite magma progressively
transitioned fromNewtonian to visco-plastic behaviour. During this
transition, homogenization of maﬁc magma (both the existed and
newly invaded magmas) gradually declined due to the increased
thermal-rheological-viscosity contrast and started preserving the
physical entity in the host magma. At this stage mingling rather
than thorough mixing played a signiﬁcant role (e.g., Fernandez and
Barbarin, 1991). MMEs represent portions of maﬁc magma that
survived complete homogenization (Fig. 5). They are believed to be
disaggregated from a large maﬁc magma body injected into the
syenite chamber. Maﬁc magma might be introduced as high ve-
locity dyke-like injections as noticed in Dyke-1 and subsequently
disaggregated into the host syenite (Fig. 13a). Disaggregation alsoMME
15 191 192 162 163 164
63.81 65.66 68.22 69.34 69.06 69.09
0.00 0.02 0.03 0.00 0.00 0.00
18.70 20.57 19.15 22.31 22.17 22.50
0.00 0.00 0.02 0.00 0.00 0.00
0.14 0.10 0.10 0.16 0.19 0.14
0.00 0.02 0.01 0.00 0.02 0.00
0.00 0.00 0.00 0.01 0.00 0.00
0.23 2.07 0.21 2.83 2.92 2.92
2.39 6.81 3.86 10.04 10.13 10.00
12.05 4.69 11.22 0.16 0.16 0.28
0.00 0.02 0.00 0.00 0.00 0.04
0.05 0.00 0.00 0.00 0.00 0.00
11.94 11.70 12.03 11.61 11.60 11.57
4.12 4.32 3.98 4.40 4.39 4.44
0.02 0.01 0.01 0.02 0.03 0.02
0.05 0.40 0.04 0.51 0.53 0.52
0.87 2.35 1.32 3.26 3.30 3.25
2.88 1.07 2.52 0.03 0.03 0.06
1.21 10.37 1.03 13.36 13.63 13.68
22.88 61.70 34.00 85.74 85.47 84.73
75.91 27.92 64.97 0.90 0.90 1.58
Table 6
Major oxide and trace element compositions of syenite, MME and synplutonic dykes.
Rock type Inner facies syenite Middle facies syenite Outer facies syenite Microgranular maﬁc enclaves Synplutonic dykes
Sample # EL-2 EL-4 EL-8 EL-29 EL-53 EL-55 EL-47 EL-45 EL-36 EL-S9 EL-S11 EL-S12 EL-39 EL-39a EL-39b EL-63 EL-58 EL-59 EL-60 EL-61
Major oxides wt.%
SiO2 61.44 62.78 60.43 62.01 60.81 60.81 62.61 61.12 63.90 67.89 67.68 63.84 54.87 55.67 55.63 59.37 63.81 63.01 59.36 62.72
Al2O3 14.57 14.04 14.49 15.90 17.25 18.29 17.67 17.74 14.06 16.75 15.71 16.18 11.94 11.59 11.65 12.08 17.44 17.05 14.34 17.05
Fe2O3 0.88 0.88 0.85 0.84 0.58 0.60 0.52 0.55 0.80 0.26 0.33 0.49 1.44 1.46 1.48 1.04 0.49 0.47 0.97 0.62
FeO 5.02 5.02 4.86 4.81 3.34 3.45 2.96 3.14 4.55 1.49 1.92 2.79 8.23 8.34 8.43 5.95 2.82 2.72 5.54 3.55
MnO 0.13 0.13 0.12 0.12 0.11 0.11 0.10 0.10 0.12 0.07 0.08 0.09 0.24 0.24 0.27 0.15 0.13 0.13 0.13 0.12
MgO 1.04 1.02 1.07 1.03 1.07 1.14 0.79 0.85 1.23 0.48 0.49 0.58 5.41 5.48 5.56 4.41 0.82 0.77 2.22 1.06
CaO 4.49 4.48 4.43 4.34 4.07 3.86 3.58 3.85 4.00 1.88 1.66 2.18 6.85 6.57 6.01 4.56 3.31 3.73 5.52 4.08
Na2O 3.76 3.63 3.87 4.07 4.22 4.24 3.99 4.43 3.93 4.14 4.65 4.54 3.62 3.56 3.89 3.48 4.35 4.59 3.93 4.64
K2O 5.38 5.22 5.34 5.28 5.10 4.58 5.16 4.99 4.65 4.77 5.02 6.42 2.16 1.99 1.90 3.25 4.71 4.88 3.51 3.72
TiO2 0.43 0.42 0.41 0.44 0.44 0.36 0.34 0.38 0.32 0.20 0.24 0.36 0.72 0.71 0.69 0.46 0.35 0.35 0.72 0.48
P2O5 0.58 0.50 0.59 0.56 0.47 0.38 0.43 0.46 0.45 0.10 0.11 0.22 0.72 0.67 0.46 0.47 0.22 0.23 0.77 0.30
Total 97.71 98.11 96.46 99.41 97.47 97.83 98.15 97.61 98.00 98.02 97.89 97.69 96.20 96.29 95.97 95.22 98.45 97.94 97.02 98.34
Na2O þ K2O 9.14 8.85 9.21 9.35 9.32 8.82 9.15 9.42 8.58 8.91 9.67 10.96 5.78 5.55 5.79 6.73 9.06 9.47 7.44 8.36
K2O/Na2O 1.43 1.44 1.38 1.30 1.21 1.08 1.29 1.13 1.18 1.15 1.08 1.41 0.60 0.56 0.49 0.93 1.08 1.06 0.89 0.80
Mg# 15.00 14.75 15.78 15.41 21.41 21.94 18.50 18.72 18.71 21.60 17.86 15.03 35.88 35.85 35.95 38.68 19.88 19.42 25.41 20.29
Trace elements in ppm
V 155.67 167.90 170.55 202.65 29.01 47.27 22.15 26.38 216.81 46.20 44.83 116.83 227.18 377.62 223.00 177.29 16.58 23.92 29.55 25.87
Sc 14.24 14.96 14.82 21.08 4.18 4.44 3.62 3.74 24.33 2.55 2.89 5.51 25.42 38.36 26.57 21.55 1.64 3.74 4.95 4.10
Cr 12.74 14.54 12.47 45.69 5.29 7.15 4.47 224.11 56.44 5.16 6.79 5.45 27.27 50.08 34.53 38.77 75.31 5.85 3.15 5.56
Co 15.57 15.90 16.21 16.17 7.85 5.16 6.45 7.19 18.09 5.00 5.26 10.97 26.06 29.34 29.83 17.91 2.17 4.18 10.59 5.53
Ni 24.98 24.09 30.41 30.58 2.30 9.15 1.78 2.78 42.53 13.10 10.41 13.27 31.12 89.66 59.92 36.58 76.99 4.49 1.51 3.95
Cu 14.69 14.97 15.75 11.14 2.97 9.00 2.71 3.09 15.43 7.86 9.37 9.93 38.76 49.49 59.10 35.64 5.50 3.00 2.30 3.30
Zn 109.17 115.36 113.16 183.82 112.62 69.41 116.81 130.45 205.50 130.09 161.25 155.09 97.52 113.71 130.53 74.72 46.29 111.26 145.12 135.09
Ga 30.40 31.10 33.87 47.43 8.23 12.56 7.31 9.12 59.41 26.78 27.74 29.91 43.59 62.34 45.81 51.21 6.80 11.50 6.85 13.13
Rb 139.50 144.68 141.65 148.53 112.35 92.01 125.99 122.16 184.71 265.13 258.05 274.53 69.86 81.20 87.51 85.00 51.01 151.32 145.58 151.70
Sr 2025.09 2046.51 2077.70 2018.13 1212.07 937.35 1196.86 1251.23 1672.78 1280.18 1275.03 2109.59 1020.11 1046.78 820.91 775.21 568.11 1198.56 841.40 877.23
Y 26.29 27.42 27.99 50.98 20.37 13.24 17.14 20.22 65.99 20.81 21.61 35.68 36.67 63.58 44.90 27.00 6.94 29.31 21.29 29.21
Zr 1912.73 2112.51 2614.50 1214.65 60.93 28.42 49.32 71.76 1813.70 118.11 136.38 66.15 1654.91 2584.76 3402.39 2170.31 54.23 130.94 40.08 126.03
Nb 5.20 6.11 6.04 10.14 3.69 5.79 3.68 4.75 19.73 12.44 13.62 20.34 11.96 17.13 23.61 13.75 3.71 9.63 5.35 8.71
Cs 4.10 3.94 5.33 6.47 1.20 0.79 1.57 2.47 8.76 1.75 1.43 1.19 4.13 18.66 7.98 7.12 0.64 4.22 2.95 5.13
Ba 3875.34 3782.51 3737.25 4192.14 1737.54 1868.41 2002.24 1981.85 3242.67 1700.03 1565.20 2254.58 975.50 941.45 871.00 1230.04 838.62 1439.35 736.89 772.89
La 55.28 55.83 55.36 75.04 33.30 36.58 29.52 30.18 89.66 81.72 81.93 98.87 101.44 120.19 100.37 48.07 22.46 47.14 33.42 42.26
Ce 108.40 110.11 108.45 142.85 70.52 68.77 62.08 65.44 167.18 141.41 142.99 196.60 172.18 197.17 175.79 94.19 42.87 102.52 75.67 91.44
Pr 11.35 11.41 11.12 14.61 7.05 6.95 6.28 6.56 16.43 12.78 13.00 19.96 15.63 18.51 17.93 9.17 4.23 9.94 7.61 8.88
Nd 46.32 46.80 45.44 57.58 28.53 26.79 24.76 26.12 62.36 43.93 45.46 72.86 75.10 89.86 80.38 44.08 16.13 37.54 30.37 33.10
Sm 11.53 11.50 11.18 13.65 6.95 6.03 6.33 6.45 13.72 7.34 7.74 13.38 12.83 14.99 12.27 8.31 3.35 8.08 6.69 6.94
Eu 4.23 4.22 4.27 4.63 2.16 1.91 2.18 2.17 4.11 2.27 2.31 3.59 3.15 3.55 3.61 2.31 1.00 2.06 1.65 1.77
Gd 8.32 8.39 8.28 11.04 5.68 4.60 4.81 5.20 12.00 7.15 7.19 12.02 13.99 16.87 13.65 8.27 2.60 7.05 5.91 6.27
Tb 0.86 0.90 0.88 1.29 0.63 0.47 0.53 0.58 1.45 0.65 0.68 1.16 1.56 2.08 1.61 0.98 0.26 0.78 0.66 0.74
Dy 4.69 4.81 4.81 7.95 3.54 2.40 2.95 3.39 9.57 3.33 3.44 5.79 6.37 9.45 7.05 4.35 1.28 4.68 3.69 4.62
Ho 0.79 0.82 0.82 1.54 0.62 0.40 0.53 0.63 1.93 0.60 0.60 1.02 1.14 1.93 1.39 0.82 0.21 0.90 0.67 0.88
Er 2.38 2.47 2.55 5.18 1.96 1.17 1.57 1.91 6.77 1.81 1.92 3.12 3.82 6.81 5.00 2.88 0.64 2.93 1.99 2.91
Tm 0.35 0.36 0.38 0.91 0.28 0.16 0.22 0.30 1.23 0.26 0.27 0.43 0.56 1.21 0.89 0.50 0.09 0.47 0.29 0.47
Yb 2.62 2.81 2.95 7.53 2.26 1.18 1.85 2.45 10.53 1.98 2.10 3.19 3.28 7.73 5.54 3.10 0.62 3.96 2.21 3.97
Lu 0.42 0.44 0.47 1.30 0.35 0.17 0.29 0.40 1.89 0.27 0.31 0.45 0.54 1.39 0.96 0.54 0.09 0.66 0.33 0.65
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Figure 15. Mineral chemistry classiﬁcation diagrams for (a) cpx and (b) mica from syenite (hollow diamond); (c) amphibole (diagram parameters given at the top) and (d) feldspar
from both syenite and MME (blue circle). See text Section 5 for details.
M.L. Renjith et al. / Geoscience Frontiers 5 (2014) 801e820816happened when large blobs are sagged thorough the more melt
supported host magma (Fig. 11b). They further dispersed by the
extensive chamber-scale convection (ﬂow fabrics; Fig. 2a,b) and
distributed throughout the magma chamber.
At the same time or just after the disaggregation magma blobs
have undergone varying degrees of thermal equilibration (hetero-
geneous textures), chemical exchange (wispy enclaves), mechanical
dilution (deformation structures) and phenocryst migration (xen-
ocrysts). In natural state these interrelated processes might be
operated together in a complex form. However, in this study indi-
vidual processes are considered here for an easy and simpliﬁed
understanding. Most of these enclaves are thermally quenched
when they were introduced into the host magma and are recorded
as quench textures. After the initial thermal quenching, those were
at more melt supported state particularly the medium to large-size
enclaves that are further cooled at varying degrees and developed
heterogeneous textures. During cooling they allowed chemical
exchangewith hostmagma and fractionated tomore evolvedwispy
enclaves (Fig. 6). However, the smaller enclaves were rapidly so-
lidiﬁed and did not permit further chemical exchange with host
magma and hence preserved as least evolvedmaﬁc enclavemagma.
Those magma blobs remained in more melt supported state
were mechanically diluted in the host magma by chaotic advection
process enhanced by the ﬂuid dynamic behaviour or convection of
the host syenite magma (Fig. 10) (e.g., Perugini et al., 2003c; Petrelli
et al., 2006). When they get chaotically stretched or folded or
fragmented the contact area between enclave and host magmas
increases exponentially, resulting in enhanced chemical exchanges
through chemical diffusion process (e.g., De Campos et al., 2011).
Such mechanical mixing was conﬁned to the dynamically active
regions of the chamber (Fig. 10), where, at the stagnant regionsmechanical mixing was limited and enclave magma blobs
remained as rounded, undistorted forms; but chemical exchange
converted them into more wispy enclaves (Fig. 6).
Whenever the enclave magma blobs with more melt supported
state interacted with crystal-rich mush zone of the chamber they
captured K-feldspars phenocryst from the host magma. Various
mechanisms like external stress developed near the host-enclave
boundary (Fig. 7a,b) or injection of maﬁc magma blobs into the
crystal rich-zone (Fig. 7c) or the chaotic ﬂow of enclave magma
(Fig. 7d) cause for the crystal transfer. Such incorporated xenocrysts
also contributed to the mechanical dilution of the enclave magma.
When the host magma reached its visco-plastic to solid stage of
solidiﬁcation, the mixing and mingling of maﬁc magma became
negligible. The dispersion of the newly addedmaﬁc magma became
limited due to high thermal-rheological-viscosity contrast with
host magma (e.g., Fernandez and Barbarin, 1991). Hence they
remained within the conduit of injection and solidiﬁed as synplu-
tonic dykes (Fig. 13a,b) (e.g., Tommasini and Poli, 1992; Perugini
and Poli, 2000; De Campos et al., 2011). However evidences like
diffused contacts, xenocryst-rich enclaves (Fig. 13a,b) and feldspars
with disequilibrium textures (Fig. 14a,b) imply that the maﬁc
magma was able to mix with host syenite magma even at the high
rheological contrast (e.g., De Campos et al., 2011).
7.2.3. Magma mixing: geochemical integrity
Macro to microscopic eye witnesses suggest that MMEs and
dykes are the products of varying degrees of hybridization between
maﬁc and host magma at local scale. To quantify their relative
proportion binary mixing test is conducted by the method of
Fourcade and Allégre (1981). Let A (felsic) and B (maﬁc) be two
magmas. The amount of each element i in any mixture m (hybrid)
Figure 16. Geochemical classiﬁcation diagrams for syenite, MME and synplutonic
dykes. (a) K2O/Na2O vs. SiO2 (Middlemost, 1972), (b) Ce/Yb vs. Ta/Yb (Pearce, 1982).
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CAi ¼ xðCBi  CAi Þ which is the equation of straight line, where x is
the proportion of magma B in the mixture m with 0 < x < 1.
Accordingly twomixing tests as shown in Fig. 20a and b are carried
out to obtain hybrid composition of MME (wispy enclave; EL-63)
and dyke (hybrid K-feldspar rich dyke-II; EL-60) samples by mix-
ing between most primitive MME (lowest SiO2 content; EL-39) and
most evolved syenite sample (high SiO2; EL-S9). In both the models
best ﬁt lines with correlation (R2) greater than 0.9 falls in the
mixing domains and derived that 0.6 (x) proportion of maﬁc
magma had interacted in both hybrid samples (Fig. 20). In both
tested hybrid samples mixing criteria is satisﬁed for all the major
oxides content.
From the mixing test modal abundance of trace elements are
also calculated for both samples based on x values and presented as
spider grams (Fig. 20c,d) (e.g., Castro et al., 1990). Most of the traceelements show minor relative difference in their abundance with
observed values and not satisfy the mixing criteria except for V, Co,
and Ba in enclave and Rb and Cs in dyke samples. Decoupling
of elements indicate process other than mixing (Fig. 20c). Steep
HREE (DyN/LuN ¼ 0.81) content than the calculated values (DyN/
LuN ¼ 1.12) in hybrid enclave sample must be due to amphibole
accumulation (Fig. 20c). The higher abundances of Sc, Ni and Cr
suggest also support the accumulation of maﬁc phases or primitive
character of maﬁc magma. High modal zircon and Zr contents
(2170 ppm) in hybrid MME imply that mechanical incorporation or
crystallization of zircon phases and contribute HREE variation.
Similarlymodal abundance of apatite, Fe-Ti oxide and titanite in the
sample also affected REE and other trace elements budget (e.g.,
Hoskin et al., 2000). The role of diffusive fractionation at static
condition (e.g., Perugini et al., 2006, 2008) for the HREE enrichment
can be ruled out because the diffusion coefﬁcient (D; cm2/s) from La
(D ¼ 8.36  109) to Lu (D ¼ 4.53  109) decrease systematically
except for Eu (Nakamura and Kushiro, 1998). Low abundances of
LREE, Rb and Sr imply that early removal of feldspar (Fig. 20a).
Negative Eu-anomaly in REE diagram also supports this (Fig. 18).
The elements with high D values such as Ba (7.85  108), Sr
(1.50 108) and Rb (1.74108) are also lower than the calculated
values suggesting that less signiﬁcance of diffusive fractionation.
The absence of biotite-rich hydration rim around pyroxene and
amphibole in the MME support that insigniﬁcant diffusion of
alkalies (K) and water after their crystallization (e.g., Debon, 1991;
Wiebe, 1993; Waight et al., 2001). In hybrid-dyke samples lower
contents of V, Sc, Ni and Cr must be the early fractionation of maﬁc
phases from the maﬁc magma. Zircon accumulation has not
occurred in the dyke samples as suggested by their lower Zr and
HREE contents.
It is concluded that both dyke and MMEs are the product of
hybridization dominantly controlled by fractional crystallization
because: (i) strong petrographic evidences such as heterogeneous
texture indicate in-situ fractional crystallization, (ii) coherent linear
variation in CaO vs. FeO space with respect to major mineral
composition (Fig. 19a), (iii) linear variation CaO/Al2O3 vs. SiO2
(ﬁgure not given); (iv) hyperbolic trend in Sr/V vs. V space (Fig.19b),
(v) systematic variation in REE patterns and linear trend in Harker
diagram (Fig. 17). It is speculated that geochemical signature of
diffusion and chemical transfer in the MMEs must be masked by
the fractional crystallization (FC) within them (e.g., Kumar and
Rino, 2006). Because these processes have occurred at the more
melt supported state of the enclave magma, whatever the chemical
change occurred, FC has re-modiﬁed them. Presence of titanite
corona around Fe-Ti oxide and hydrogenic biotite signify that
modiﬁcations enclave magma during FC. Advanced studies are
recommended to quantify this process.
7.3. Contribution towards the understanding of Yelagiri syenite
petrogenesis
Isotopic studies by Miyazaki et al. (2000, 2003) suggest that
Yelagiri syenite having 3Sr (T ¼ 760 Ma) from 21 to 23.7 and 3Nd
(T ¼ 760 Ma) from 11.3 to 8.2 is formed from an alkali basalt
parental magma, derived from subduction modiﬁed lithospheric
mantle, undergone extensive differentiation without crustal
contamination. The present study has brought out that Yelagiri
syenite massive is a reversely zoned magmatic body with shosho-
nitic composition undergone multiple magma processes like in-situ
fractional crystallization, magma mixing, convection, shear ﬂow
and crystal accumulation. Mixing of shoshonitic maﬁc magma was
the signiﬁcant process occurred in the syenite magma chamber
during its various crystallizationesolidiﬁcation stages and the ev-
idences are recorded in the form of disequilibrium micro-textures
Figure 17. Harker variation diagram of syenite, MME and synplutonic dykes. Symbols are same as in Fig. 15.
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that Yelagiri syenite has evolved from shoshonitic magma through
fractional crystallization and mixing with magma of similar
composition. This study did not ﬁnd any evidence of liquid
immiscible process in the petrogenesis of syenite unit of the YAC as
imagined by Mukhopadhyay et al. (2011).8. Conclusion
(1) This study brought out the occurrence of grain to out-crop scale
features (disequilibrium textures in feldspar, crystal accumu-
lation, ﬂow fabrics and magma mixing) and litho facies in sy-
enite from the Yelagiri Alkaline Complex South India for the
ﬁrst time. Their petrography, mineral chemistry and whole-
rock geochemistry also presented.Figure 18. REE patterns normalized by primitive mantle values of Sun and
McDonough (1989).
Figure 19. (a) FeO vs. CaO space in which the whole-rock composition (Symbols are
same as in Fig. 15) compared with mineral composition (wt.%) from syenite and MME.
Stripped line is the best ﬁt line for whole-rock data and the general trend of magmatic
evolution marked as thick arrow. (b) Sr/V vs. V diagram. Symbols are same as in Fig. 15.
Figure 20. (a) and (b) aremajor oxidemixing test for the hybridMME (EL-63) and synplutonic dyke (EL-60) respectively. Shaded region represents invalidmixing. See section 7.2.3 for
details. Spider grams normalized with least hybridized MME sample (EL-39) for the calculated and observed values of trace elements and REEs in samples EL-63 (c) and EL-60 (d).
M.L. Renjith et al. / Geoscience Frontiers 5 (2014) 801e820 819(2) Syenitemagma interactedwithmoremaﬁc shoshonitic magma
during its various stages of crystallization are preserved in the
form of disequilibrium textures, chemical exchange and
phenocryst migration in enclaves; mechanical dilution of
enclave magma through chaotic advection, disaggregation of
large magma blobs and synplutonic dyke injections.
(3) It is proposed that syenite of the YAC has evolved through
multiple magma processes such as crystal accumulation, con-
vection/shear ﬂow, magma mixing and in-situ fractional crys-
tallization at the present level of emplacement.
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